Known high-risk cutaneous malignant melanoma (CMM) genes account for melanoma risk in <40% of melanoma-prone families, suggesting the existence of additional high-risk genes or perhaps a polygenic mechanism involving multiple genetic modifiers. The goal of this study was to systematically characterize rare germline variants in 42 established melanoma genes among 144 CMM patients in 76 American CMM families without known mutations using data from whole-exome sequencing. We identified 68 rare (<0.1% in public and in-house control datasets) nonsynonymous variants in 25 genes. We technically validated all loss-of-function, inframe insertion/deletion, and missense variants predicted as deleterious, and followed them up in 1, 559 population-based CMM cases and 1, 633 controls. Several of these variants showed disease co-segregation within families. Of particular interest, a stopgain variant in TYR was present in five of six CMM cases/obligate gene carriers in one family and a single population-based CMM case. A start gain variant in the 5'UTR region of PLA2G6 and a missense variant in ATM were each seen in all three affected people in a single family, respectively. Results from rare variant burden tests showed that familial and population-based CMM patients tended to have higher frequencies of rare germline variants in albinism genes such as TYR, TYRP1, and OCA2 (P < 0.05). Our results suggest that rare nonsynonymous variants in low-or intermediaterisk CMM genes may influence familial CMM predisposition, warranting further investigation of both common and rare variants in genes affecting functionally important pathways (such as melanogenesis) in melanoma risk assessment.
Introduction
Cutaneous malignant melanoma (CMM) is an etiologically heterogeneous disease with genetic, host, and environmental factors, and their interactions contributing to its development (1) . Approximately, 10% of CMM cases occur in a familial setting (2) . CDKN2A and CDK4 are the two well-established high-risk genes for familial melanoma. Recently, BAP1, POT1, ACD, TERF2IP, and TERT were identified as potential high-risk melanoma susceptibility genes (3) . However, these genes account for melanoma risk in less than 40% of melanoma-prone families, suggesting the existence of additional high-risk genes or perhaps a polygenic mechanism involving multiple genetic modifiers. In addition to high-risk genes, variants in intermediate-risk and low-risk genes also contribute to the predisposition of familial melanoma. For example, low-frequency and common variants in intermediate-risk melanoma genes such as MITF and MC1R have been associated with increased risk of melanoma in melanoma families (4) (5) (6) . Further, genome-wide association studies (GWAS) have identified more than twenty low-risk melanoma susceptibility loci. Most of these loci involve genes and pathways that are known to play important roles in melanoma development such as pigmentation (MC1R, TYR, TYRP1, ASIP, HERC2/OCA2), nevi density (PLA2G6, MTAP/CDKN2A, CASP8, AGR3, FTO), cell cycle (CDKAL1 and CCND1), DNA repair (ATM and PARP1), and telomere length (TERT, OBCF1) (3). The role of these GWAS loci in the risk of familial melanoma has not yet been fully evaluated.
The advance in next-generation sequencing technology has made it possible to comprehensively characterize a large number of genes or gene panels in a large number of subjects. Using this approach, recent sequencing studies have demonstrated that germline variants, in particular loss-of-function (LOF) and pathogenic missense variants, in cancer predisposition genes occur with higher frequencies in cancer patients than healthy controls (7) (8) (9) (10) . The goal of this study was to systematically characterize rare germline variants in 42 established melanoma high-risk, intermediate-risk, and low-risk genes (Supplementary Material, Table S1 ) among melanoma patients in melanoma-prone families without identified mutations.
Results
The exome sequencing analysis included 144 melanoma cases from 76 families. We evaluated 42 known melanoma genes (Supplementary Material, Table S1 ), which included 32 established high-, intermediate-, and low-risk melanoma genes primarily based on recent reviews (3, 11) and additional literature search, as well as 10 genes in cell-cycle regulation (BRCA1, BRCA2, CDK6, CDKN2B, PTEN, RB1, TP53) and telomere pathways (TERF1, TERF2, TINF2) that are strong candidates based on their functional closeness with known high-risk melanoma genes. Among these 42 genes, we identified 68 rare NS variants in 25 genes (Supplementary Material, Tables S2-S4) , of which eight were LOF, two were inframe insertion/deletion, and 58 were missense variants. LOF variants, inframe changes, and 16 predicted deleterious missense variants, listed in Tables 1 and 2 , were all technically validated by targeted sequencing.
Eight rare LOF variants including five stopgain, two frameshift-insertion, and one 5' UTR premature start gain variants were observed in six families ( Table 1) . The stop-gain variant in TYR (NM_000372: c.C1204T, p.R402X) was present in four of five sequenced melanoma cases and one obligate gene carrier in a single family; the single non-carrier case had the latest CMM onset in this family (Fig. 1) . We sequenced this variant in all cases and unaffected members in this family with available DNA; 5 of 10 unaffected members had the variant (Fig. 1) . The variant was not present in our in-house databases of nonmelanoma familial cancer cases and population controls; it was observed in 6 out of 125 990 alleles (0.0048%) among nonFinnish Europeans (NFEs) in Genome Aggregation Database (gnomAD). In addition, among the 1559 population-based CMM cases and 1633 matched controls we sequenced, this variant was seen in one CMM case and none of the controls. This stopgain variant was classified as pathogenic in ClinVar and Human Gene Mutation Database (HGMD) and the associated phenotype is albinism. Interestingly, one of these cases (3020) and her unaffected brother (3021) also harbored a stopgain variant in POT1. This rare variant was also observed in one CMM case but zero controls in the population-based case-control studies (Table 1) . Further, two of the CMM cases in this family (1001 and 1008) also harbored a rare stopgain variant in RB1 ( Table 1 ). The variant was also present in their unaffected mother (2002) who was not related to the affected cousin (3020).
Among the other five LOF variants, three are in TYRP1 (two stopgain and one frameshift), with each seen in a single separate family. Two variants were seen in families with only a single case available for sequencing. The third variant was observed in two of four sequenced cases in another family. All three variants were extremely rare ( Table 1) . The other two LOF variants occurred one each in PLA2G6 and TINF2. The 5 0 -untranslated region (5'-UTR) startgain variant in PLA2G6 occurred in a family with three affected people (mother and two children) and all three CMM cases had the variant. It was not present in any internal or external databases examined. The frameshift variant in TINF2 occurred in two of three affected people in one family. This variant was not seen in any internally sequenced case/control subjects or any external databases reviewed (Table 1) . Table 2 lists two inframe insertion/deletion variants and 16 missense variants predicted as deleterious based on an integrated Ensemble prediction score (Meta Likelihood ratio [LR]) or HGMD: four variants in BRCA1, three in OCA2, two in TYR, BRCA2, ATM, and CDKN2A, and one each in MX2, TYRP1, and TERT. Albinism and breast cancer are the most common disease traits associated with these variants. Two of these variants (one in OCA2 and one in MX2) were predicted as deleterious by all seven individual in-silico programs we evaluated (SIFT, PolyPhen-2, Mutation Taster, Mutation Assessor, FATHMM, LRT, and Provean). The OCA2 variant (rs142931246), which was seen in two independent CMM patients, was a known variant associated with Albinism. The MX2 variant was seen in two cases in a family with three affected people and in none of the three unaffected people sequenced in this family. This variant was also seen in two population-based CMM cases (1 PLCO and 1 AHS) but was very rare in internal/external control databases (Table 2) .
Among the 18 variants ( Table 2 ) that are likely to be deleterious, several variants showed disease co-segregation within families. In particular, one variant in ATM occurred in all three CMM cases and only one unaffected individual in a single family ( Fig. 2A ). This variant (NM_000051: c.A9008G, p.N3003S) was classified as a disease-causing mutation (DM) by HGMD and the associated phenotype was breast cancer. Although it was predicted as benign by Meta LR, it was predicted as deleterious by all individual in silico algorithms except FATHMM ( Table 2 ). The variant is located in a highly conserved region (Fig. 2B ) and is very rare in the population (absent in gnomAD-NFE). It was not seen in any sequenced population-based CMM cases or controls. Interestingly, the mother of the three CMM cases, who was deceased and did not have DNA available for sequencing, had pancreatic cancer, for which ATM is a susceptibility gene.
Since many of the 76 families had not previously been tested for mutations in CDKN2A, the best established high-risk CMM susceptibility gene, we examined this gene in all subjects and identified two rare variants in CDKN2A. The inframe insertion variant, identified as a Swedish founder mutation (12) , was seen in a single family with only a single case available for sequencing and not seen in anyone else. The missense variant was seen in two independent families. In a large family with 13 affected people, the CDKN2A variant was present in only one sibship (three affected siblings and one unaffected daughter of one of the carrier cases) and absent in 22 other tested family members (4 CMM and 18 unaffected). The same variant was also observed in only one of three sequenced CMM cases in another family.
To assess the overall genetic burden due to rare nonsynonymous (NS) variants in these melanoma genes in the families, we conducted a rare variant burden test by comparing familial cases to 604 population controls sequenced and analysed at CGR, NCI, using similar approaches (see Methods). Familial CMM cases showed higher frequencies of rare variants for OCA2 (P ¼ 0.032) and TYR (P ¼ 0.033). Burden test results are shown in Table 3 for genes with P < 0.2. We also conducted burden tests for the six genes (ATM, CDKN2A, CDKN2B, TINF2, TYRP1, and TYR) sequenced in 795 cases and 807 controls from the PLCO and AHS studies. CMM cases had an increased burden of carrying rare NS variants in TYRP1 (P ¼ 0.024), TYR (P ¼ 0.032), and TINF2 (P ¼ 0.037), based on SKAT-O test. In general, results were similar when using the CAST test (Supplementary Material, Table  S5 ) or when we restricted the analysis to variants called by both the Torrent Variant Caller and GATK (data not shown).
Discussion
In this study, we investigated the role of rare germline variants in known CMM genes in melanoma-prone families without known mutations. We identified a number of rare LOF and predicted deleterious missense variants that were enriched in CMM cases, some demonstrating co-segregation with disease within families, such as variants in TYR, PLA2G6, and ATM. Several variants also showed evidence for enrichment in population-based sporadic CMM cases. Further, compared with their corresponding controls, familial CMM cases had an increased burden of rare germline variants in TYR and OCA2 and sporadic cases had an increased burden for TYR, TYRP1, and TINF2. In particular, CMM cases seemed to have a higher frequency of rare variants in albinism associated genes. Given the rarity (all LOF and predicted pathogenic variants have minor allele frequency < 0.07% in the general population), cosegregation for some variants, predicted damaging effect, functional relevance (all these are known CMM genes), and increased genetic burden for several genes in familial and/or sporadic CMM cases, our findings suggest that rare germline variants in several of these genes are likely to contribute to CMM susceptibility in high-risk families.
TYR encodes tyrosinase, the key enzyme catalyzes the conversion of tyrosine to melanin. Mutations in TYR account for 46% of cases of albinism in European populations (13) , and nonpathologic polymorphisms have been associated with skin pigmentation variation. The stopgain variant (R402X) found in one of the most informative families examined was classified as pathogenic by ClinVar and HGMD for albinism, an autosomal recessive disorder. It is possible that TYR may function similarly to some other cancer susceptibility genes for which disease manifestation differs depending on bi-allelic (e.g. albinism) or mono-allelic (e.g. melanoma) inheritance. The pathogenic R402X variant has been reported in albino patients either in a homozygous or compound heterozygous pattern (14, 15) . This variant is located next to a common polymorphism (R402Q) that has been associated with hypopigmentation, increased sun sensitivity, and the risk for developing basal cell carcinoma and CMM (16) (17) (18) (19) . R402Q has not been associated with albinism (20) , although it did have deficient enzyme activity (21) . Interestingly, four of the five cases in the family with the TYR R402X variant had R402Q, including the case who did not carry R402X. Unlike R402Q, which is common among Caucasians (27% in gnomAD-NFEs), R402X is very rare (0.0048% in gnomADNFEs). Further, the R402X variant was also seen in one population-based sporadic CMM case we evaluated. In the family that harbored the variant, all but one CMM case had the variant and the single non-carrier case had the latest age onset (52 years). However, 5 out of 10 unaffected family members sequenced also carried the R402X variant suggesting incomplete penetrance. Nevertheless, the analysis of whole exome sequencing data in this family found only one rare nonsynonymous variant that was shared by all CMM cases but the variant allele is five times more common (0.02% in gnomAD-NFEs) compared with R402X and the gene function has not been shown to be relevant to melanoma. Although we cannot rule out the possibility of non-coding regulatory variants as the major susceptibility mechanism, our exome findings suggest that the TYR R402X variant is the most likely candidate in this family. It is also possible that the effect is further modified by R402Q since the two cases with only one of the TYR variants had the oldest ages at onset. In addition, a subset of cases in this family also harbored rare LOF variants in RB1 and POT1, raising the possibility of a potentially more complicated underlying susceptibility mechanism in this family, although the role of LOF variants in RB1 and POT1 is less certain given the lack of co-segregation. Interestingly, both LOF and predicted deleterious missense variants seemed to be enriched for albinism genes such as TYR, TYRP1, and OCA2, which encode proteins that are essential to normal pigmentation and production of melanin (22) . All these variants were very rare in the general population. Some of these variants have been shown to cause protein instability and reduced tyrosinase activity (23) . In particular, burden tests for both familial and sporadic case-control comparisons were significant for TYR. Results from a similar burden test for rare variants in all five albinism genes examined (SLC45A2, TYRP1, TYR, OCA2, SLC45A5) indicate that these variants were enriched in familial CMM cases (P ¼ 0.01). These results suggest that rare heterozygous variants in melanogenesis genes may play an important role in CMM susceptibility through partially impairing pigmentation.
Among the 26 LOF or predicted deleterious variants identified in our families, two occurred in all affected people within their respective families with three or more cases sequenced. The startgain variant in the 5'-UTR region of PLA2G6 was carried by all three cases in the family, although the cases were all siblings and therefore the expected sharing of genetic information among them is high. Common variants in PLA2G6 have been associated with nevi count and melanoma risk in previous association studies (24) . The impact of this rare variant is unclear, although sequence changes in the 5'-UTR region are known to have great impact on mRNA stability and protein expression levels (25) . Another variant that was seen in all three sequenced CMM cases was a missense variant in ATM, a gene that plays central roles in DNA damage repair and cell cycle control. Mutations in this gene are associated with ataxia telangiectasia (A-T), breast cancer, and pancreatic cancer (26) (27) (28) . Interestingly, the mother of the three CMM cases who carried the ATM variant had pancreatic cancer. The variant was only seen in one of the three unaffected people we sequenced, and this carrier was young (26 years) when examined. The missense variant (N3003S) is located in the kinase domain of ATM, where sequence residues are well conserved among different species. In an evaluation of the functional impact of known ATM missense mutations identified in A-T or breast cancer patients, Scott et al. found that three mutants (V2716A, R2849P and G2867R) altered normal ATM function by a dominant interfering mechanism (29) and these mutations are also located in the kinase domain. In contrast, four other ATM missense variants, which are located upstream of the kinase domain, did not have an adverse effect on kinase activity or impact cell survival, highlighting the importance of the kinase domain in maintaining normal ATM function.
In our analysis, several patients harbored multiple deleterious/likely deleterious rare variants of known CMM genes. Among the cases who harbored the TYR R402X variant, one case (the youngest one) had a stopgain variant in POT1 and another two cases had a stopgain variant in RB1. The patient with the POT1 stopgain variant had the lowest POT1 RNA expression level in the Epstein-Barr-virus-transformed lymphoblastoid cell line among 50 CMM patients in our families with RNASeq data [Reads Per Kilobase of transcript per Million mapped reads (RPKM) ¼ 785 for the carrier versus the average value of 1138 among all examined 50 cases], suggesting that this variant may affect POT1 expression. In the family with the PLA2G6 5'-UTR variant, two of the three cases also carried a missense variant in MX2 that was predicted as deleterious by all in silico programs evaluated. Finally, a patient from a family with only one case sequenced had two missense variants of OCA2, both predicted as deleterious by most prediction algorithms. Although the exact mechanisms remain unclear, it is possible that multiple common/rare variants in known and unknown genes are responsible for CMM susceptibility in some high-risk families, which is consistent with a more complicated genetic predisposition mechanism that has been increasingly recognized in the field.
Our study has several limitations. First, our analyses did not have sufficient statistical power to conduct individual rare variant association tests. Second, the unequivocal proof of the functionality of these rare variants in CMM development has not been obtained. In addition, most variants did not show full cosegregation with disease. Among the few variants showing evidence for disease co-segregation, each was only observed in a single family, making it challenging to determine causality. Nevertheless, our study is the first systematic investigation of rare germline variants in multiple melanoma genes in high-risk CMM families. The strengths of the study include the evaluation of co-segregation with disease for many of these variants in the larger families with unaffected people available for sequencing, the inclusion of two internal control datasets consisting of a large number of subjects from cancer families and population controls from PLCO and ACS to control for platform-specific artifacts in addition to investigating publicly available databases, and the assembly of a substantial number of population-based cases and their matched controls from multiple cohort studies to follow up on the top variants/genes identified in our families. We technically validated all LOF and predicted deleterious missense variants using targeted sequencing. In addition to the evaluation of individual rare variants, we also conducted a gene-level burden test to compare the cumulative frequency of rare variants in each of these genes in CMM cases and controls. For six of these genes, we also conducted the burden test in population-based cases and controls. Our study identified a number of potentially disease-related variants in known melanoma genes, some of which may have implications for risk assessment that require further replication and functional characterization.
Materials and Methods

Study population
The details of this family study have been previously described (6, 30) . All family members who were willing to participate in the study provided written informed consent under an NCI IRB approved protocol. All diagnoses of melanoma were confirmed by histologic review of pathologic materials/reports or medical records. All study participants were of European ancestry.
The present exome sequencing analysis included 144 melanoma cases from 76 families (40 families with 1 case, 11 families with 2 cases, 20 families with 3 cases, 3 families with 4 cases, and 2 families with 5 cases sequenced). Sixty-five families (29 families with 1 case and all families with !2 cases sequenced) included at least two first-degree relatives with a history of melanoma. The remaining 11 families included single high-risk melanoma patients with early age at diagnosis before 30 years (n ¼ 9) or multiple primary melanomas (n ¼ 2). We conducted targeted sequencing of top genes/variants in 1559 population-based melanoma cases and 1633 controls including 1278 Prostate, Lung, Colorectal and Ovarian Screening Trial (PLCO), 324 Agriculture Health Study (AHS), and 1590 Harvard cohort studies [Nurses' Health Study (NHS) and Health Professional's Follow-up Study (HPFS)] (see the 'Targeted sequencing of top genes/variants in population-based melanoma cases and controls' section below).
The dbGAP accession number for sequencing data included in this study is phs001177.v2.
Whole exome sequencing and bioinformatics analysis
Whole exome sequencing (WES) was performed at the Cancer Genomics Research Laboratory, National Cancer Institute (CGR, NCI), as previously described (31, 32) . Briefly, 1.1 mg of genomic DNA was extracted by standard methods from whole blood. SeqCAP EZ Human Exome Library v3.0 (Roche NimbleGen, Madison, WI) was utilized for exome sequence capture. Supplementary Material, Table S6 shows the start and end positions of genomic regions for each gene covered by the capture probes. The captured DNA was then subject to paired-end sequencing utilizing the Illumina HiSeq2000 sequencer for 2 X 100-bp sequencing of paired-ends (Illumina, San Diego, CA). Exome sequencing was performed to a sufficient depth to achieve a minimum coverage of 15 reads in at least 80% of the coding sequence from the UCSC hg19 transcripts database.
Details of the bioinformatics analysis pipeline used in this study have been previously described (31) (32) (33) . Variant discovery and genotype calling were performed globally using three variant callers (UnifiedGenotyper and HaplotypeCaller modules from GATK and FreeBayes [v9.9.2]). We included all target regions as well as 250 bp flanking region on each side. An Ensemble variant calling pipeline (v0.2.2) was then implemented to integrate analysis results from the above three callers. Subsequently, the Ensemble variant calling pipeline applies a Support Vector Machine (SVM) learning algorithm to identify an optimal decision boundary based on the variant calling results out of the multiple variant callers, to produce a more balanced decision between false positives and true positives. In addition, insertions and deletions were left-aligned at both post-alignment (BAM) and post-variant-calling (VCF) levels using GATK's LeftAlignIndels and LeftAlignVariants modules, respectively.
Annotation of each variant locus was made via a custom software pipeline based on public data from ANNOVAR, dbNSFP, SnpEff, and SnpSift integrated using a CGR in-house script, including Ensembl, refGene, and UCSC KnownGene databases, the ESP6500 dataset from University of Washington's Exome Sequencing Project (http://evs.gs.washington.edu/EVS/), dbNSFP-database of human nonsynonymous SNPs and function predictions (https://sites.google.com/site/jpopgen/dbNSFP), the Molecular Signatures Database-MSigDB (http://www.broad institute.org/gsea/msigdb/index.jsp), the National Center for Biotechnology Information ClinVar (http://www.ncbi.nlm.nih. gov/clinvar/) and dbSNP databases build 137 (34), the 1000 Genomes Project (35) , the Exome Aggregation Consortium (ExAC) database (36) (http://exac.broadinstitute.org), the Human Gene Mutation Database (HGMD) (37) , and others. We also used the recently released Genome Aggregation Database (gnomAD) (http://gnomad.broadinstitute.org/), which provides aggregate data on 123, 136 exome and 15, 496 whole-genome sequences from unrelated individuals sequenced as part of various disease-specific and population genetic studies, for allele frequency estimation in the general population (36) .
Exome sequencing of population controls
Data from 604 population controls from two cohort studies (Cancer Prevention Study [CPS]-II, n ¼ 224; PLCO, n ¼ 378) (32) were available for inclusion in the current study to evaluate genetic burden for known melanoma genes. The sequencing/analysis methods for the population control samples followed the same ensemble calling process as was used for the familial CMM patients. However, the SeqCAP EZ Human Exome Library v3.0 þ UTR (Roche NimbleGen, Madison, WI) was utilized for exome sequence capture. Variant calling for the population controls was done together with that for the in-house database (CGR, NCI) of cancer-prone families that included melanoma families.
Variant characterization
Variants in the 42 examined genes were included for further evaluation if they 1) passed the quality control (QC) filter in the in-house bioinformatics pipeline; 2) were called by at least two of the three variant callers; 3) had an allele frequency <0.1% in the 1000 Genomes Project (overall and European sample) and ESP6500 (overall and European sample); 4) were present in 2 families from an in-house database (CGR, NCI) of $2000 exomes in $1000 cancer-prone families (excluding melanoma-prone or pancreatic cancer families); and 5) were classified as nonsynonymous (NS) including frameshift, stopgain, inframe deletion or insertion, or NS substitutions (missense). Although we primarily focused on exonic variants, we included intronic variants if they were in splicing regions or impacted 'start' or 'stop' codons or transcription factor binding sites as potential NS variants. Frameshift and stopgain variants were defined as loss-offunction (LOF) variants and coded as deleterious. To classify missense variants as predicted deleterious, we used an ensemble prediction score [Meta Likelihood ratio (LR)] that incorporates results from nine in silico algorithms (SIFT, PolyPhen-2, GERP þþ, Mutation Taster, Mutation Assessor, FATHMM, LRT, SiPhy, and PhyloP) and allele frequency. This ensemble score achieved the highest discriminative power compared with 18 deleterious scoring methods and also showed low false positive prediction rate for benign yet rare NS variants (38) . Missense variants classified as disease-causing mutation (DM) or likely disease-causing (DM?) in HGMD were also considered as predicted deleterious variants.
Variant validation by targeted sequencing
LOF variants, inframe deletions/insertions, and all predicted deleterious missense variants were technically validated using Sanger sequencing or Ampliseq at CGR. For technical validation using Ampliseq, a targeted, multiplexed PCR primer panel was designed using the Ion AmpliSeq Designer v4. 4 Targeted sequencing of top genes/variants in population-based melanoma cases and controls
We sequenced the majority of LOF variants and a subset of predicted deleterious NS variants in 1559 population-based melanoma cases and 1633 controls including 1, 278 PLCO, 324 AHS, and 1590 Harvard cohort studies (NHS and HPFS) using a custom-designed AmpliSeq panel. We also sequenced the entire exonic regions for six of these genes: ATM, CDKN2A, CDKN2B, TINF2, TYRP1, and TYR in 795 cases and 807 controls from the PLCO and AHS studies. Deep sequence coverage was generated at each locus of interest for each sample. Genotypes were determined independently for each sample based on the ratio of base calls in those sequence reads at a given locus.
Statistical analyses
To test whether the cumulative frequency of rare NS variants was increased in familial CMM cases compared with 604 population controls that were sequenced using the same platform and were analysed together with cancer cases, we performed a gene-level test of association for each of the 42 melanoma genes. For each gene, we counted the number, N, of cases carrying a rare NS variant that was included in both SeqCAP EZ Human Exome Library v3.0 (used for familial CMM patients) and SeqCAP EZ Human Exome Library v3.0 þ UTR (used for population controls). We then calculated the probability of observing N variants under the null hypothesis using a randomization test. We started by creating a list of the 1208 haplotypes from the 604 controls sequenced with our cases. In the rare scenario when a control had two or more rare variants, each haplotype was assumed to carry at least one rare variant. We then used these haplotypes to perform 1000 iterations of a two-step randomization procedure. For each iteration, we first randomly generated Identical-By-Descent (IBD) patterns for the family cases using the laws of Mendelian Inheritance. We then assigned each of the founder chromosomes in the families to carry a haplotype randomly selected from the list of control haplotypes. After 1000 iterations, our p-value was the proportion of iterations where the number of family members carrying a rare variant was at least N.
We also conducted a rare variant burden test for the six genes (ATM, CDKN2A, CDKN2B, TINF2, TYRP1, and TYR), for which we sequenced the entire coding region, in 795 cases and 807 controls from the PLCO and AHS studies using the SKAT-O statistic (39) , which is a linear combination of the burden test (aimed to test effect size of variants with the same direction in cases and in controls) and variance component test (aimed to test effect size of variants with different directions in cases and controls). We also used another burden test statistics, CAST, which makes a strong assumption that all rare variants in a set are causal and associated with a trait with the same direction and magnitude of effect, to compare results. We included all NS variants with minor allele frequency less than 0.1% in ESP and 1000 Genomes, regardless of their predicted functions. We also conducted a sensitivity analysis by only including variants that were called by both the Torrent Variant Caller and GATK to ensure the accuracy of the burden test. All statistical analyses were conducted using R (version 3.3.3) and all P values were two-sided.
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